High pressure behavior of potassium chlorate (KClO 3 ) has been investigated from 0-10 GPa by means of first principles density functional theory (DFT) calculations. The calculated ground state parameters, transition pressure and phonon frequencies using semiempirical dispersion correction scheme are in excellent agreement with experiment. It is found that KClO 3 undergoes a pressure induced first order phase transition with an associated volume collapse of 6.4% from monoclinic (P2 1 /m) → rhombohedral (R3m) structure at 2.26 GPa, which is in good accord with experimental observation. However, the transition pressure was found to underestimate (0.11 GPa) and overestimate (3.57 GPa) using LDA and GGA functionals, respectively. Mechanical stability of both the phases are explained from the calculated single crystal elastic constants. In addition, the zone center phonon frequencies have been calculated using density functional perturbation theory at ambient as well as at high pressure and the lattice modes are found to soften under pressure between 0.6 to 1.2 GPa. The present study reveals that the observed structural phase transition leads to changes in the decomposition mechanism of KClO 3 which corroborates with the experimental results.
I. INTRODUCTION
Explosives usually contain a mixture of fuels and oxidizers in appropriate proportions to enhance combustion and to release large amount of energy at the expense of chemical reactions occurring in the system. Oxidizers such as metal or ammonium-based nitrates, chlorates, perchlorates, permanganates, chromates, peroxides are frequently used in the explosives and pyrotechnic systems.
1,2 Explosive materials undergo decomposition and lead to high energy release via oxidation process. Most of the secondary explosives have negative oxygen balance (oxygen deficiency) and their heat release is restricted due to incomplete oxidation reactions. 3 Hence, oxidizers are mixed with energetic materials to make the oxidation reactions more complete and reduce the demand of oxygen from the air. [4] [5] [6] [7] It is a well-known fact that oxidizer composites respond easily to an external stimulus such as impact or friction due to their sensitivity to mechanical energies. 8, 9 The explosive properties of chlorate-based energetic compositions were reported at the end of the 18 th century on mixtures of potassium chlorate with sugar and sulfur. 10, 11 KClO 3 would be an ideal choice as oxidizer because of its ability to sustain at low reaction temperatures, kinetic stability at its melting point, and compatibility with energetic materials. [12] [13] [14] It is more appropriate to use KClO 3 in pyrotechnic mixtures due to its lower energy content and the combustion behavior. Dong and Liao et al 7, 15 investigated the thermal decomposition process of the KClO 3 -RDX and KClO 3 -HMX composite materials and proved that energy release of mixtures exceeded that of pure RDX and HMX, respectively by 10% and 40%. In addition, their study also revealed that the presence of KClO 3 increases the gaseous products in the decomposition mechanism. The decomposition process of KClO 3 takes place in two different mechanisms.
7,16-18
2KClO 3 (Monoclinic) → 2KCl(B1) + 3O 2 (1)
At high pressures, the first mechanism is almost inoperative, but the second mechanism is actually favored, since the mixture of the decomposition products is denser than KClO 3 itself. This process is relatively simple and the reaction mechanism is also easy to obtain.
KClO 3 provides a large amount of free oxygen radicals in its thermolysis process which is used to oxidize the energetic intermediates produced by thermal decomposition of explosives. within PBE functionals when compared to experimental volume and thus, the PBE volume is relatively closer to experiment than CA-PZ. As discussed in section I, the phase I of KClO 3 has two molecules per unit cell, which are held together through the weak van der Waals interactions in the crystal structure, which leads to the large discrepancy between the calculated ground state parameters and the experimental data. Thus the standard exchange-correlation potentials used in the calculations do not capture the nature of nonbonded interactions in such molecular solids. Therefore, we performed structural relaxation with the semiempirical dispersion correction scheme PBE+G06, to account for the nonbonded interactions in our calculations. The optimized equilibrium crystal structure of phase I of KClO 3 is shown Fig 1a. The calculated lattice constants, and volume with the standard DFT functionals and semiempirical dispersion correction scheme are summarized in Table I and the fractional co-ordinates are given in Table I (see supporting information).
The obtained equilibrium lattice constants and volume using the PBE+G06 are in very good agreement with the experiment 20 and the corresponding CA-PZ and PBE values show large deviation from the experimental results at ambient pressure. → II about 0.7 GPa, 27 1.0 GPa 31,32 and above 2.0 GPa. 34 There is an inconsistency between the experiments 27,31,32,34 with regard to the transition pressure of KClO 3 . In order to resolve this issue, first principles total energy calculations were performed based on DFT, which is a powerful tool in predicting the behavior of solid state systems at ambient as well as at high pressures. As illustrated in Fig. 2 , the calculated enthalpy difference shows that phase I transforms to phase II about at 0.11 and 3.57 GPa using CA-PZ and PBE, respectively.
It is well known from the literature 48-51 that the CA-PZ functional usually underestimates transition pressures, whereas the GGA overestimates the same. The same trend is observed in our present calculations for KClO 3 , where the CA-PZ functional severely underestimates the transition pressure, whereas the PBE functional overestimates when compared to the experimental transition pressure i.e., above 2 GPa. 34 However, the van der Waals corrected PBE+G06 functional provides reliable transition pressures for molecular solids. [52] [53] [54] In the present study, the PBE+G06 functional reproduces the transition pressure accurately in contrast to the standard CA-PZ and PBE functionals, and this in very good agreement with the experimental transition pressure.
34
The calculated lattice parameters a, b, and c of phase I and lattice parameter a of phase II are shown in Fig. 3a as a function of pressure. It is clearly observed that all lattice parameters in both phases decrease monotonically with increasing pressure. But, the angles of both phases (β in phase I and α in phase II) increase monotonically over the studied pressure range. Fig. 3b shows the pressure dependence of volume and there is a 6.4% volume collapse at 2.26 GPa. This is consistent with experimental results as the ambient phase transforms to a ∼6% denser phase II 31,32 of KClO 3 , which indicates the first order nature of phase transition. We also predicted the cell parameters of phase II at 3 GPa, which crystallizes in the rhombohedral structure with R3m (Z = 1) space group (see Fig. 1b ).
The calculated lattice parameters a = 4.1789Å and α = 84.95
• are in good agreement with experimental data at ∼3.5 GPa, a = 4.201Å and α = 84.80
• . 32, 34 All structural parameters of phase II are presented in Table II along with experimental data. 32 In addition, the pressurevolume data of phase II are consistent with high pressure XRD data.
As discussed in an earlier section, the first decomposition mechanism (see section I) of KClO 3 is as follows: phase I of KClO 3 undergoes a rapid decomposition 33, 34 to give B1 form of KCl and oxygen (O 2 ) as the decomposition products at lower pressures (< 2 GPa) and this is ineffective at high pressures. The present study reveals that phase I transforms to phase II at 2.26 GPa, which is in good agreement with experimental transition pressure and this structural transition is responsible for the slowdown of the decomposition process 
C. Elastic constants and bulk modulus
The elastic constants are fundamental parameters for crystalline solids which describe stiffness of the solid against externally applied strains. They were calculated using volumeconserving strains technique 55 with the PBE+G06 scheme for both low and high pressure phases of KClO 3 . A complete asymmetric crystal behavior can be described by 21 indepen- dent elastic constants. Due to monoclinic and rhombohedral symmetry, phases I and II of KClO 3 possess 13 and 6 independent elastic constants, respectively. The calculated elastic constants for both the phases are presented in Table II 
All the vibrational modes (A g , B g , A u and B u ) of phase I of KClO 3 are summarized as 6A u + 9B u + 9A g + 6B g due to the centre of symmetry of the crystal structure. 20 A g and B g modes possess inversion symmetry and hence they are Raman active, while A u and B u modes are IR active due to change of sign under inversion symmetry. We have calculated zone center vibrational frequencies at ambient pressure using CA-PZ, PBE and PBE+G06 functionals (see Tables III and IV ion along yz-plane of the KClO 3 lattice. The calculated internal modes with and without dispersion corrected PBE functional are underestimated when compared to the experimental data, which may be due to the fact that the linear response approach used in the present study is based on the harmonic approximation. The calculated internal modes are overestimated within CA-PZ when compared to PBE and PBE+G06 functionals due to underestimation of the unit cell volume and intra molecular bondlengths such as Cl-O1 and Cl-O2 bonds of phase I of KClO 3 . To investigate the dynamical stability of phase I of KClO 3 under hydrostatic pressure, we have systematically studied the effect of pressure on zone center external (lattice) and internal phonon modes using PBE and PBE+G06 functional to complement the high pressure
Raman and IR measurements. 27 The calculated phonon density of states (PhDOS) using PBE+G06 at 0.0 and 2.2 GPa are shown in Fig. 4 . The low frequency modes (below 200 cm −1 ) are due to both potassium and chlorate ions, whereas modes above 400 cm −1 are due to the chlorate anion alone. The modes shif towards a high frequency region around 2.2 GPa.
As illustrated in Fig. 5 , the low frequency Raman (M1 to M9) and IR (M10 to M15) active lattice modes soften under hydrostatic pressure, except M7 lattice mode which is hardening under pressure. Therefore, the inclusion of dispersion correction (G06) through the PBE functional significantly affects the lattice modes at ambient as well as at high pressure.
However, the internal modes are not much affected with the dispersion corrected PBE+G06
functional, which can be clearly seen from Fig. 6 . Since, the bond lengths (Cl-O1 and Cl-O2) within the ClO 3 molecule are almost unchanged by the inclusion of dispersion correction (PBE+G06) to the standard PBE functional (see Table I ), the corresponding ClO 3
internal vibrations using PBE and PBE+G06 are found to be comparable with each other (see Table IV . Hence, we confirm that the transition starts at about 1.0 GPa due to softening of lattice and completes at 2.26 GPa (see Fig. 2 ). Thus, low symmetry phase I (P2 1 /m) undergoes a pressure induced structural phase transition to high symmetry phase II (R3m), which agrees quite well with the recent experimental results using X-ray diffraction analysis. 34 Further, a detailed lattice dynamical calculations are required to understand the vibrational effects which are responsible for the structural phase transition in KClO 3 .
IV. CONCLUSIONS
In summary, first principles calculations were performed to investigate the high pressure behavior of KClO 3 . Standard DFT functionals such as LDA and GGA are unable to account for the non-bonded interactions in this molecular solid (see Table I ). However, the calculated ground state properties using semiempirical dispersion correction scheme (PBE+G06) are in excellent agreement with experiment. It is found that KClO 3 undergoes a pressure induced structural phase transition from phase I to II and the calculated transition pressures using CA-PZ and PBE functionals are 0.11 and 3.57 GPa, respectively.
The CA-PZ severely underestimates the transition pressure whereas PBE overestimates it. However, the calculated transition pressure using PBE+G06 functional is 2.26 GPa, which is in good accord with a recent high pressure X-ray diffraction study. The transition is associated with a volume contraction of 6.4%, which indicates a first order type phase transition and this is found to be consistent with experimental reduction of ∼6%. The calculated single crystal elastic constants show that phases I and II are mechanically stable.
The calculated single crystal bulk modulus (42.58 GPa) and compressibility (2.41×10
GPa −1 ) of phase II are in excellent agreement with experiments. We also calculated the zone center phonon frequencies at ambient and at high pressures upto 2.2 GPa to investigate the dynamical stability of phase I of KClO 3 . We observe the softening in the Raman and IR active lattice modes under pressure using PBE+G06 functional. Overall, the present study reveals that the softening of lattice of phase I starts after 1.0 GPa and it completely transforms to phase II at 2.26 GPa, which agrees quite well with recent experimental results. Therefore, the present study confirms that the pressure induced phase transition leads to a change in the decomposition mechanisms of KClO 3 which also supports recent experimental observations. as a function of pressure using PBE (left) and PBE+G06 (right) functionals.
